Abstract: Control of structural flexibility is essential for the proper functioning of a large number of proteins and multiprotein complexes. At the residue level, such flexibility occurs due to local relaxation of peptide bond angles whose cumulative effect may result in large changes in the secondary, tertiary or quaternary structures of protein molecules. Such flexibility, and its absence, most often depends on the nature of interdomain linkages formed by oligopeptides. Both flexible and relatively rigid peptide linkers are found in many multidomain proteins. Linkers are thought to control favorable and unfavorable interactions between adjacent domains by means of variable softness furnished by their primary sequence. Large-scale structural heterogeneity of multidomain proteins and their complexes, facilitated by soft peptide linkers, is now seen as the norm rather than the exception. Biophysical discoveries as well as computational algorithms and databases have reshaped our understanding of the often spectacular biomolecular dynamics enabled by soft linkers. Absence of such motion, as in so-called molecular rulers, also has desirable functional effects in protein architecture. We review here the historic discovery and current understanding of the nature of domains and their linkers from a structural, computational, and biophysical point of view. A number of emerging applications, based on the current understanding of the structural properties
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INTRODUCTION
An important consideration in protein architecture and function is the flexibility of linkers that interconnect the various domains in multidomain proteins commonly found in many biological processes. These linkers are stretches of amino acid residues that establish communication between the different domains and the functional modules. 1 A number of early examples (e.g., immunoglobulin, diphtheria toxin, tomato bushy stunt virus) established a clear relationship between linker peptides and the functional dynamics they enable.
Significant efforts to understand the structural basis of such motion have been undertaken since the 1960s. X-ray crystallographic structures have provided experimental snapshots of motion in many proteins. Analyses of these structures have been crucial in determining the exact regions undergoing motion. Such analyses have shown that protein motion may occur due to conformational changes in individual residues or at the secondary, tertiary, or quaternary structural levels. Lactate dehydrogenase, 2, 3 triose-phosphate isomerase, 4 as well as hemoglobin and related proteins 5 are some of the earliest examples of proteins that showed conformational changes with important functional implications. Subsequent analyses of different protein families have identified common structural domains 6 that undergo functionally relevant conformational changes.
Substantial work has been done since the 1970s in characterizing the tethered freedom of movement of protein domains. Prediction of the flexibility of a hinge region is based on an understanding of the rotational freedom of the attached moieties. For example, we will discuss that glycine-rich peptides confer flexibility, which allows the specific engineering of hinge regions into proteins to achieve desired functional motions. Other linkers that will be discussed are more defined by their ability to reliably predict and maintain end-to-end distances between attached domains. Such structurally rigid peptides, often called molecular rulers, have been conjugated to molecules to serve a metric function.
In this work, we will review the biophysical and computational techniques to detect and quantitatively characterize the geometric properties of domains and their linkers. Such techniques have helped in the design of multifunctional chimeric protein analogs that are synthesized using modern molecular biology techniques. Often, dynamic domains and entire proteins are fused together by specific linker peptides. These chimera proteins facilitate the study of protein folding, allow the crystallographic characterization of noncrystallizing components, and enable the labeling and tracking of proteins in optical microscopy. We give a comprehensive overview of such state-of-theart technologies.
EMERGENCE OF A DYNAMICAL PICTURE OF PROTEIN ARCHITECTURE
The first X-ray crystallographic structures provided a static picture of protein architecture, but multidomain structures in multiple conformations were soon discovered, where individual domains were connected by flexible linkers. The concept of hinge-bending, 7 whereby the relative flexibility of short regions of the polypeptide chain allows significant movement of structural domains, gained widespread acceptance in the 1980s and early 1990s, after evidence for conformational transitions in identical or homologous proteins became known. According to Dobson, 7 the domains themselves are closely similar in each case, a fact that can be attributed to their motion as rigid bodies around a screw axis. 8 It was discovered that hinge regions are soft-linker regions of localized torsion angle changes in the polypeptide chain that allow the attached rigid domains to pivot. The rotation axes of these torsion angle changes are nearly parallel to the overall axis of rotation, so the local motion in the hinges can be directly related to the overall motion. A crucial feature of the hinge residues is that they have very few packing constraints on their main chain atoms. 8, 9 Protein domains can be defined as segmented portions of a polypeptide sequence that assume stable three-dimensional structure. 6 Such recurring protein motifs are significant because it is increasingly recognized that there are only a limited number of domain families in nature. These domains are duplicated and combined in different ways to form the set of proteins in genomes. 10 The importance of domains is further exemplified by the fact that multidomain proteins play a major role in many cellular processes. Although a consensus in detail is still lacking, various effective criteria have been proposed to detect and define protein domains. These criteria rely mainly on the existence of local structural compactness arising from -sheets or hydrophobic cores. 11, 12 Based on such compactness, computational algorithms to detect structural domains have been proposed. [13] [14] [15] [16] [17] Hinge regions occur between domains, allowing them to move independently of one another while maintaining the individual domains' three-dimensional shape. 6 In that sense, hinge regions are characterized by a structural softness that enables this motion. Early structural biologists observed that hinge regions may remove steric constraints from the relative motion of the attached moieties. In tomato bushy stunt virus protein, domain hinging by 208 helps pack 180 identical proteins into the 60-fold icosahedral symmetry of the virus shell. 18 According to Harrison, the ''strain'' for quasiequivalent bonding is concentrated in the protein hinge region, suggesting that the energy needed to change the relative orientation of domains might not be very great. Such lowenergy barriers for hinge bending have also been suggested by other early experimental 7 and computational 19 studies. In fact, it was already known in the 1960s that the low-energy barrier for hinge bending 20 that allows rotations of 1808 or more in the case of immunoglobulin G 21 is in contrast to the presumably high barrier in hard linkers. 22 Macromolecular motions encompass hinge bending as well as other types of molecular flexibility. McCammon and Harvey described hinge motions and compared this to general ''single-strand motions'' that involve local denaturation of the polypeptide chain, unfolding of regions of the polypeptide chain on the protein surface, and helix-coil transitions. 19 Later, in a number of structural surveys, Gerstein and coworkers further classified examples of hinge bending. 9, [23] [24] [25] Their findings suggest that frequently occurring natural polypeptide linkers might be good candidates for designing soft hinge-type connectors in engineering applications. Other less frequently observed motions may be attributed to shear-like gliding at domain interfaces and denaturing or irregular folding.
9,23-25 Such complex motions frequently involve larger interfaces than provided for by the polypeptide linkers and are outside the scope of this review.
DISCOVERY OF GEOMETRIC AND BIOPHYSICAL PROPERTIES OF LINKERS
One important consequence of the flexibility afforded by soft peptide linkers is the ability of linked domains to move to and from close spatial proximity. For example, in diphtheria toxin (DT), the entire 15 kDa ''R'' domain rotates by 1808 from a detached, open dimeric form to a closed monomeric form by changing the main-chain conformations of loop 380-386 only. 26 Such large-scale rearrangement results in a close packing of the detached ''R'' domain into the cleft between the ''C'' and the ''T'' domains. Similarly, domains in tomato bushy stunt virus 27 and lactoferrin ( Figure 1 ) form close contacts upon a structural collapse that is induced by hinge rotation. A FIGURE 1 Domain motions in lactoferrin, visualized by the Hingefind program. 49 Backbone trace of iron-bound lactoferrin (PDB entry 1LFG) presented in color: green, lobe N1; purple, lobe N2; red, Globe; gray, unclassified remainder 49 ; orange: iron ions. The iron-free form (PDB entry 1LFH) of lactoferrin is shown in black. The reference domain (C-lobe) is structurally intact, even in the absence of iron. The mobile domains N1 and N2, as identified by Hingefind, are considered to move as rigid bodies. The axis of rotation (blue, left) of lobe N1 passes through the interface to the C-lobe, representing a ¼ 88 ( Figure 2 ) twist motion about the axis relative to the C-lobe. In contrast, the hinge rotation of lobe N2 by ¼ 548 relative to the C-lobe (blue axis, right) is significantly more pronounced than the twist motion of N1. The differences in domain movements in the C-and N-lobes have been interpreted as effects of crystal packing forces. The V-shaped blue lines point from the hinge axes to the centroids of the rotating domains to represent the magnitude of the reorientation. The arrow heads (blue) indicate the chirality (the rotations are righthanded in the direction of the arrows).
number of linker selection studies [28] [29] [30] [31] suggested that the flexibility and hydrophilicity of the linker are important factors in preventing the disturbance of the domain functions, thereby imparting stability to the domains. 32 A range of stability occurs depending on the rigidity of the linker peptides. 33 Soft linkers confer flexibility, whereas more rigid peptides may act to keep domains apart. 33 Due to their ability to break or form contacts among adjacent domains, soft linkers often facilitate essential catalytic events in the overall function of a protein, as seen in the packing of tomato bushy stunt virus proteins. 18 NFB is another example. Its ''glycine-rich'' hinge region is flexible enough to bring ''p50'' and ''SWI6/ANK'' repeat domains into contact to regulate intracellular transport of the transcription factor. 34 Such soft glycine ''hinges'' can be designed as stretches of amino acids where at least four of every six residues are glycine. 35 Limited proteolysis at high pH has also been observed in the hinge region connecting the shell and the protruding domains of noroviruses although the biological significance of such proteolysis is still not known. [36] [37] [38] Substantial work has been done in characterizing the hinge-based freedom of movement in polypeptides. In Figure 2 we present a geometric approach in describing hinge motion. In a fully flexible hinge, the distance d between the rigid arms (attached to the pivot point P) changes as a function of hinge ''latitude'' . For extended moieties, distances also change as a function of ''longitude'' and twist angle . As the linker allows changes in the hinge angle , the arm M rotates through space altering the distance between it and arm M 0 . In section 4 we will describe that hdi, the thermally accessible end-to-end distance distribution between the two arms, varies with the softness of the hinge region, a property that can be exploited in the mechanical parameterization of hinges.
Prediction of the softness of a peptide linker is based on an understanding of the rotational freedom of the residues involved. In the 1960s Schimmel et al. analyzed the effects of restricted rotation in polyproline and compared this to other polymers with fewer steric restrictions about the peptide ' and bonds. 39 By summing the rotational potentials of the individual bonds in the polymer, they created a predictable model of chain softness as a function of chain dimensions for polyproline. The authors found that within a certain distance (up to around 40 residues) the rotational hindrance potential of the individual residues forced the chain end-to-end separation to increase directly with the number of residues at constantly increasing rate. This is diagrammed in Figure 3 .
The value hr 2 i 0 /xl u 2 (also known as the characteristic ratio) in Figure 3 represents the distance maintained by a polymer before it begins to change direction. Proline homopolymers provide a predictable end-to-end distance over a length of more than 100 residues. 39 Conversely, glycine homopolymers shown in Figure 3 do not maintain a direction past more than a few residues (i.e., they are flexible). This property of glycine-rich regions is evident in many natural systems. For example, the NFB glycine-rich hinge allows one terminus to ''fold back'' on to the other. 34 The fold-back property of polyglycine has been shown empirically in pulse-radiolysis experiments. 40 In these experiments an electron donor was separated from an electron acceptor by either a proline bridge or glycine bridge of 0-3 residues. Bobrowski et al. found the kinetic constant of intramolecular electron transfer correlated with the length of the proline bridge (a factor of 3.5 per each proline residue added). However, the kinetic constant did not correlate with the length of the glycine bridge. This suggests that the moieties attached to the glycine bridge must transfer energy via direct collision (rather than electron transfer through the peptide backbone). In other words, the polyglycine bridge folds back, allowing the electron donor to come into direct contact with the electron acceptor attached to the opposite end of molecule. This result is consistent with Schimmel's values for oligoglycine shown in Figure 3 .
In the case of random polypeptides (Figure 4 ), the value of hr 2 i 0 /xl u 2 increases with the number of peptide residues ( Figure 3 ). However, this value approaches the limit designated (hr
, typically a value of 9.0 for random-coil polypeptides. As shown in Figure 4 , even a small percentage of randomly distributed glycine residues have a large effect on the chain dimensions of random peptides. A polypeptide region with four out of six randomly distributed glycine residues (66.6% glycine) has a (hr 2 i 0 /xl u 2 ) ? value of less than 2.5. Thus, a polypeptide region with four out of six randomly distributed glycine residues would make a very effective hinge region. This observation provides a simplified method for identifying glycine hinges based on a polypeptide sequence. Mancebo et al. used this as a guide to identify glycine hinge regions in the predicted sequences of U1 70K snRNPs. 35 Hinge regions identified by polypeptide sequence are also found by Zahler et al. 41 Today, much more is known about detailed sequence-dependent properties of flexible peptide linkers. We will return to this in the section, Current Understanding of Sequence-Dependent Linker Properties, after discussing the control of structural softness in linker peptides.
ABSENCE OF FLEXIBILITY: MOLECULAR RULERS
As Schimmel et al. 39 pointed out, ordered chains, such as helices, are restricted throughout and can provide an increase in hr 2 i 0 /xl u 2 that rises without bound with increasing number of residues. The results of their polyproline calculations demonstrate that the chain dimensions should be extremely sensitive to relatively small changes in the rotational potential. The large influence of the rotational hindrance potential on the chain dimensions is due to the fact that the rotations are restricted, sterically, to a small domain. In other words, the ability of the polymer to extend at a particular distance is directly related to the physical restrictions about the C-C bond. This demonstrates how minor physical features, which prevent rotational freedom in each amino acid residue throughout the chain, control the overall chain dimensions. When all rotation angles are fixed at the same value (i.e., for a helix), hr 2 i 0 /xl u 2 rises without bound with increasing number of residues.
It is expected in protein modeling that a repeating oligopeptide with each monomer having the same stable relationship to its predecessor will generate a helix. 42 An important physical property of relatively hard linkers, such as structurally stable helices, is the ability to reliably predict its end-to-end distances. Such polypeptides have been termed ''molecular rulers'' because of their ability to measure the effect of different depths of binding pockets on various properties of proteins of interest. 43 Consequently, Stryer and Haugland used a poly-L-proline ''spectroscopic ruler'' to measure distances of energy transfer between attached moieties. Poly-L-proline peptides were of defined length to separate an energy donor and acceptor by distances ranging from 12 to 46 Å . 22 Although short stretches of hard linker sequences are located between functionally relevant regions of protein structure, mutations within such sequences may have no effect on the function. 44 Such linkers are therefore necessary to keep the other amino acid interactions in register, but the nature of the side chain is often unimportant. The question that arises is then, How is the length of the ruler controlled? Many molecular rulers are made up of repeating molecules of distinct, rigid monomer units. Because of their rigidity, predictable changes in length are observed (up to a limiting point) as additional monomers are added between functional groups. 43 For instance, in electron transfer experiments, proline peptides provide predictable separation distance based on the number of proline residues. 45 The major concern in the design of a molecular ruler is the possibility of softening and structural failure that arises when the ruler is unable to provide a predictable separation distance between its bound moieties. An adequate cushion distance is often required when designing the linkers. In affinity chro- matography, structurally stable linkers between the solid matrix and ligand keep the polymer-bound ligand sufficiently distant from the polymer surface. 33 Examples of such linkers include polylysine, and multipoly-DL-alaninepolylysine. Similarly, hard linkers are often used to conjugate antigenic moieties to carriers in biomedical applications.
The question that often arises is whether the control of peptide flexibility through molecular rulers is purely an engineering enterprise or whether functionally active molecular rulers are found in nature. Recently, a naturally functioning molecular ruler was discovered in bacterial transcription elongation factors GreA and GreB that promote transcription elongation by stimulating an endogenous, endonucleolytic transcript cleavage activity of the RNA polymerase. The structure of Escherichia coli core RNA polymerase bound to GreB was determined using cryoelectron microscopy and image processing of helical crystals to a nominal resolution of 15 Å , allowing a fitting of high-resolution RNA polymerase and GreB structures. 46 In the resulting model, the GreB N-terminal coiled-coil domain extends 45 Å through a channel directly to the RNA polymerase active site. The model leads to detailed insights into the mechanism of Gre factor activity especially in reference to its behavior as a molecular ruler. GreB measures the length of any backtracked RNA and cleaves it precisely such that the arrested RNA polymerase can resume its forward processing of DNA after the release of the excised polynucleotide. In transcription, the molecular ruler model may explain a wide range of experimental observations. 46 
COMPUTATIONAL DETECTION OF DOMAINS, LINKERS, AND THEIR MOVEMENTS
In the mid-1990s computer algorithms were developed that characterized the geometric properties of hinge regions quantitatively and that allowed the prediction and classification of linker peptides. These techniques are nowadays routinely used in databases of domain motions of biopolymers and macromolecular assemblies. The algorithms and databases have reshaped our understanding of biomolecular dynamics especially because large-scale structural heterogeneity of proteins, facilitated by linker peptides, is now seen as the norm rather than the exception.
Historically, the early structures of immunoglobulins, lysozyme and alcohol dehydrogenase, along with the structures of their mutants and ligand complexes, clearly indicated that domain motions are one of the critical links between the structure and the function of macromolecules. 6 With an increasing number of protein structures showing domain movements, computational methods were reported that automatically detected the domains, their connectivity, and the axes of motion from available structures. Procedures for optimizing the least-squares superposition of protein domains by excluding poor-fitting residues have been used for a long time. 47 Lesk 48 has formulated a sieving routine that minimizes the root mean square deviation of a domain by subsequent elimination of atoms that lie far apart in the superposition. Because the method intrinsically assumed the existence of only one domain, parts of the molecule that did not belong to the rigid core were assumed flexible. The method, therefore, could not directly detect multiple flexible domains within the same protein molecule. Using a variant of this method in which even the apparently flexible regions were sieved after identifying the rigid core, Wriggers and Schulten 49 were able to detect domains in a number of multidomain structures. Alternative approaches that did not require rigid cores in defining domains have also been reported. A method based on the clustering of interresidue vectors and their rotational properties correctly identified domain movements in T4 lysozyme and citrate synthase. 50 An Ising model approach, in which the structural elements of the model changed states according to the state of their neighbors, successfully detected domains in multidomain structures using the C coordinates. 51 Such domain detection techniques, when applied to initially 24 multiple conformer X-ray structures, have yielded a database of macromolecular motions 23 and valuable insights into the structural elements that are important in domain movements. 52 Rigid-body movements of the domains can be described by six rigid-body degrees of freedom. The classic screw axis of rigid-body movement 53-55 is a shifted rotation axis but it retains all freedom of the rigid-body model: The mathematical theorem by Chasles 54 states that an optimal position for the rotation axis can be found for which any residual translation vector is parallel to the rotation axis. 55 Any rigid-body movement can then be then described as a helical twist about the axis, accompanied by a helical rise along the axis. 55 However, the hinge-bending motion depicted in Figure 2 requires no such helical rise, because the moieties M and M 0 can be brought into register by means of a rotation about the hinge axis alone. In other words, the three angles , , and are no longer independent for hinge rotations. Therefore, as an alternative to the widely used screw axis, Wriggers and Schulten defined an ''effective rotation axis'' O for hinge motions that is perpendicular to the legs PM and PM 0 (Figure 2 ). This effective rotation axis approximates the unconstrained rigidbody rotation , , and , but it affords an exact registration of the moieties M and M 0 . 49 A computer application of both domain recognition and hinge axis determination is demonstrated in Figure 1 . The effective rotation axes (including arrows that indicate chirality and V-shaped angles that illustrate the magnitude of rotation) are shown in blue in Figure 1 , whereas the found rigid body domains are shown in red, green, and purple colors.
In general, computationally detected hinge axes 23 appear to pass through only a limited number of structural elements, even though in complex cases the flexible domains may interact among each other through more than a dozen contact regions. Most protein domains, however, interact mainly through two linker regions, thereby giving rise to the ''doublehinged'' type of domain movements. 52 Domain movements, in general, appear to be spread uniformly over the interdomain contact regions. In the case of a large number of contact regions between the domains, domain movements are a result of small individual conformational changes spread over all the contact areas. 56 In contrast, domain movements in molecules having relatively few interdomain contacts arise from larger but localized conformational changes within polypeptide linker regions.
Although X-ray structures have yielded a wealth of information about the structural elements that participate in domain motions, details of such motion cannot be deduced from such structures alone as most X-ray structures are known only in single conformations. Computer simulations offer an alternative method to study domain motions in the absence of additional experimental isoforms. Normal mode analyses and molecular dynamics (MD) simulations of the crystal structures are providing valuable insights into the mechanisms of domain flexibility. For example, normal mode analysis of the biomolecular motor Fl-ATPase has revealed the predominance of low-frequency modes that results in the inherent flexibility of the , , and subunits in isolation and as part of the functioning 3 3 3 complex that is in accord with the motor function. 57 A similar analysis has also been reported for microtubule components, 58 Trp repressor, calmodulin, calbindin, HIV-1 protease, and troponin C 59 in which localized large conformational changes have been shown to arise due to collective normal mode oscillations of the entire protein at specific frequencies. MD simulations of acetylcholinesterase, 60 DNA binding LacI and PurR proteins, 61 integrins, 62 calmodulin, 63, 64 metalloproteins, 65 and the folding of the SH3 domain 66 clearly indicate the importance of domain flexibility in the functioning of these systems. With the rapidly increasing number of structures becoming available due to structural genomics initiatives, automated methods to identify domains and linkers 67, 68 are expected to become increasingly important in domain flexibility studies.
Theoretical techniques for detecting and classifying domain motion can also be used in conjunction with biophysical techniques to parameterize mechanical models of flexible systems. In cryoelectron tomography experiments, one may take several snapshots of a given biological macromolecule. 69 In principle, a large enough collection of snapshots of the molecule may then be used to calculate its equilibrium configuration in terms of the experimentally accessible degrees of freedom, and hence to estimate its potential energy 69 and distribution of conformational states at room temperature. Skoglund et al. recently analyzed the results of cryoelectron tomography experiments performed on monoclonal murine immunoglobulin antibodies. The authors introduced a statistical description of the immunoglobulin configuration, which yielded the probability distributions of the Fab-Fab and Fab-Fc hinge angles. The final mechanical model allowed them to calculate quantitative estimates of the relevant frequencies of the immunoglobulin hinge-bending motion. 69 
CURRENT UNDERSTANDING OF SEQUENCE-DEPENDENT LINKER PROPERTIES
As described above, it has been well known for decades that the softness and the length of linkers affect protein stability, folding rates, and domain-domain interactions. [70] [71] [72] The detailed amino acid propensity and the preferred geometry of naturally occurring linkers have been described in a recent survey, 73 which is summarized here.
Linker residues were determined from the existing structural domain databases using a domain identification method modified from Ref. 51 . The length of the linkers varies between 2 and 18 residues with an average linker length of 5.15 residues, a value that is much higher than was earlier believed. 52 The linkers are predominantly -helical with progressively decreasing occurrences in coiled, -strand, or turn conformation. Both the helical and nonhelical linkers have similar hydrophobicity. Pro is the most common terminal linker residue followed by Arg, Phe, Thr, Glu, and Gln in decreasing order of preference. The probable reason why proline is favored over other residues in linking different domains is the inability of proline to donate hydrogen bonds or participate comfortably in any regular secondary structure conformation. This ensures a relatively rigid separation of the domains, thereby preventing unfavorable contacts between them. 73 That most of the proline residues are in the trans conformation further helps maintain fairly rigid interdomain separation. However, the main-chain conformation around proline is neighbor dependent, and there are cases where the neighbors of proline favor cis-trans isomerization, thereby making the linkers more flexible.
The maintenance and curation of linker databases 73 is facilitated by computational methods that automatically detect domain linkers. 67 
DESIGN OF CHIMERIC PROTEINS WITH ENGINEERED DOMAINS AND LINKERS
Nowadays, gene fusion techniques are indispensable tools in a variety of biochemical research areas. 32 Recombinant chimeric fusion proteins are routinely constructed to increase the expression of soluble proteins and to facilitate protein purification. 32, 83 Other engineering approaches that link two proteins or protein domains by a peptide linker include immunoassays (e.g., using chimeras between antibody fragments and proteins 84, 85 ), selection and production of antibodies, 86 and engineering of bifunctional enzymes. 87 In the respiratory chain, electron transfer protein domains of flavodoxin and cytochrome c553 from Desulfovibrio vulgaris and the heme domain of P450 BM3 from Bacillus megaterium have been used as molecular ''Lego''-type building blocks in different combinations to build artificial redox chains having variable redox potentials. 88 Multidomain bacterial protein toxins have been used in designing potential carriers for targeted delivery of biomolecules. 89 Catalytically functional flavocytochrome chimeras 90 and modified cellular signaling circuits through modular recombination of domains 91 are some of the other recently reported chimeric proteins having additional functions introduced into them through engineered domains and linkers.
The selection of the linker sequence is particularly important for the construction of functional chimeric proteins. 32 A recent study on the streptococcal protein G-Vargula luciferase chimera suggested that the spatial separation of the heterofunctional domains of a chimeric protein by an appropriate linker peptide is important for the domains to work independently. 92 In a similar study, Arai et al. designed linkers to effectively separate the two domains of a chimeric protein. 83 The authors introduced helix-forming peptide linkers, (EAAAK) n , between two green fluorescent protein (GFP) variants. Circular dichroism (CD) spectroscopic analysis suggested that the introduced linkers form an -helix, and that the -helical contents increase as the lengths of the linkers increase. Fluorescence resonance energy transfer (FRET) observed between the two GFP variants also suggested that the distance between the two GFP domains increases as the lengths of the linkers' increase.
It is difficult to determine the orientation of the domains and the conformation of the linker of the chimeric proteins by FRET and CD analyses alone. Therefore, a direct visualization of the three-dimensional (3D) structures in solution is desirable. To gain information about the general shape, it is not necessary to solve structures at atomic resolution. Single particle cryo-EM routinely yields low-resolution (10-30 Å ) shapes of particles larger than about 300 kDa molecular weight. 93 Synchrotron X-ray small-angle scattering (SAXS) has emerged in recent years as a complementary low-resolution alternative for the investigation of smaller chimeric proteins. Computational techniques [94] [95] [96] [97] allow one to deduce the 3D shape from one-dimensional (1D) SAXS scattering profiles that correspond to the isotropically averaged reflections of X-rays on the randomly oriented particles in solution. In Ref. 32 , the shapes and sizes of the chimeric proteins, consisting of GFP variants with the helical linkers (EAAAK) n (n ¼ 2-5) and flexible linkers (GGGGS) n (n ¼ 3, 4), were deduced from the SAXS diffraction pattern with an ab initio modeling procedure. Figure 5 shows two of the resulting models.
The SAXS experiments demonstrated that short helical linkers (n ¼ 2, 3) cause multimerization, while the longer linkers (n ¼ 4, 5) solvate monomeric chimeric proteins. 32 Also, chimeric proteins with a helical linker assumed a more elongated conformation compared to those with a flexible linker. The elongation depends on the length of the helical linker element in agreement with the molecular ruler hypothesis (Absence of Flexibility section). The chimeric proteins with the flexible linker exhibited an elongated conformation as well, rather than the most compact side-by-side conformation expected from FRET analysis. Information about the global conformation of the chimeric protein is thus necessary for optimization of the linker design. 32 Linker engineering, with the aim to control the distance, orientation, and relative motion of two functional domains, will increase in importance with increasing emphasis on the de novo design of multidomain proteins. A number of recent databases and surveys aid in the design of linkers for chimeric proteins. 73 However, despite many empirical surveys, very little is known about the structural factors that govern interdomain flexibility. Such lack of knowledge is a limiting factor in de novo chimera design. Therefore, a number of recent studies focused on the structural principles governing the domain architecture and their assembly. [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] The emerging concepts, along with the bioinformatics tools that attempt to detect domains and their motions from sequence information alone, 108 may one day lead to a precise de novo engineering of interdomain flexibility, thereby helping achieve the desired functioning of synthetic chimeras. In the mean time, the successful use of feedback techniques such as CD, FRET, and SAXS suggests that gene fusion applications should be accompanied by geometric analysis for appropriate biophysical validation of the linker design process.
